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Objectives: The purpose of this study was to determine the physiologic variables 
that predict major adverse vents in children in the intensive care unit after 
cardiac operations, Methods: A cohort observational study was conducted. At 
the time of admission to the intensive care unit and 4, 8, 12, and 24 hours later 
the following variables were recorded: mean arterial pressure, heart rate, 
cardiac index, oxygen delivery, mixed venous oxygen saturation, base deficit, 
blood lactate, gastric intramucosal pH, carbon dioxide difference (the differ- 
ence between arterial carbon dioxide tension and gastric intraluminal carbon 
dioxide tension), and toe-core temperature gradient. Major adverse events 
were prospectively identified as cardiac arrest, need for emergency chest 
opening, development of multiple organ failure, and death. Results: Ninety 
children were included in the study; 12 had major adverse vents and there 
were 4 deaths. Blood lactate level, mean arterial pressure, and duration of 
cardiopulmonary b pass were the only significant, independent predictors of 
major adverse vents when measured at the time of admission to the intensive 
care unit, The odds ratio (95% confidence intervals) for major adverse vents 
if a lactate level was greater than 4.5 mmol/L was 5.1 (1.2 to 21.1), for 
admission hypotension 2.3 (0.5 to 9.8), and for a cardiopulmonary b pass time 
greater than 150 minutes 13.7 13.3 to 57.2). Four hours after admission lactate 
and carbon dioxide difference, and 8 hours after admission lactate and base 
deficit, were independently significant predictors. The odds ratios for major 
adverse vents if the blood lactate level was greater than 4 mmol/L at 4 and 8 
hours were 8.3 (1.8 to 38.4) and 9.3 (1.9 to 44.3), respectively. At no time in the 
first 24 hours were cardiac output, oxygen delivery, mixed venous oxygen 
saturation, toe-core temperature gradient, or heart rate significant predictors 
of major adverse vents. Conclusions: in the context of our current reatment 
strategies, the duration of cardiopulmonary b pass and blood lactate level, 
measured in the early postoperative period, were the best predictors of 
impending major adverse vents. (J Thorac Cardiovasc Surg 1997;114:1042-52) 
n the period immediately after cardiac operations, 
inadequate cardiac output is a common problem 
and is associated with substantial morbidity in both 
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children and adults. Identifying patients with inad- 
equate cardiac output can be difficult. The early 
signs may not be well appreciated, and thus oppor- 
tunities to avoid potential sequelae (multiple organ 
failure, cardiac arrest, and death) may be delayed or 
lost, Several ways for assessing the adequacy of 
cardiac output have been proposed, but these have 
not been thoroughly evaluated in children after 
cardiac operations. Although death after cardiac 
operations in children is uncommon, major adverse 
events (MAE) may be frequent. The predictors of 
these events have not been identified. 
Cardiac output measurements are used routinely 
in the treatment of adults after heart operations. 
The lack of availability of small cannulas for ther- 
modilution cardiac output measurements, difficul- 
ties of cannulation in small infants, complications of 
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pulmonary artery cannulas, and uncertainty about 
the meaning of the results obtained have limited the 
use of these measurements in pediatric intensive 
care. Unfortunately, noninvasive methods of mea- 
suring cardiac output, such as Doppler echocardiog- 
raphy, have been shown in our unit to have poor 
agreement with the relative gold standards of the 
Fick and indicator dilution methods (J. Beca, un- 
published ata). 
Gastric tonometry was developed by vascular 
surgeons to estimate the pH of the gastrointestinal 
tract lining (pHi). In adults supported by cardiopul- 
monary bypass there was found to be a negative 
correlation between pHi and hepatic venous lactate 
levels and a positive correlation between pHi and 
hepatic venous oxygen saturation and hepatic ve- 
nous pH. 1 In critically ill adults the incidence of low 
pHi has been reported to be as high as 80% for 
patients with multiple organ system failure, 2 50% 
after cardiac operations, 3 and 18% after abdominal 
aortic operations. 4 Several investigators have 
claimed that shock and patients at risk for major 
complications may be identified earliest by pHi 
monitoring.5, 6 The information derived from tonom- 
etry in children after cardiac operations has not been 
well evaluated. Dco2, the difference between the 
partial pressures of gastric intraluminal carbon di- 
oxide (Pico2) and arterial carbon dioxide (Paco2) is 
a simpler calculated variable that may overcome 
some of the assumptions made in the calculation of 
phi. 
Mixed venous oxygen saturation (Sv02), measured 
with blood sampled from the pulmonary artery, 
when compared with arterial oxygen saturation, 
represents the balance between oxygen delivery and 
consumption. 7 Anything that leads to reduced oxy- 
gen delivery such as decreases in cardiac output, 
hemoglobin, or arterial oxygen saturation may lead 
to mixed venous desaturation. Increases in oxygen 
consumption that are not met  by increased oxygen 
delivery will also lead to reduced Svo2 .s 
Base deficit is a calculated value that estimates 
the metabolic omponent of the blood pH. It is the 
amount of base in millimoles required to titrate 1 L 
of whole blood to a pH of 7.40 with the sample fully 
saturated with oxygen at 37 ° C and at a Paco 2 of 40 
mm Hg. 9 In adults after trauma a large base deficit 
is one of the most sensitive predictors of transfusion 
requirements, 1° the presence of serious intraab- 
dominal injury, al the development of multiple organ 
system failure, 12 and mortality. 9 The role of base 
deficit in predicting sequelae after cardiac opera- 
tions has not been evaluated. 
Toe temperature has been used as a measure of 
peripheral perfusion in children after cardiac oper- 
ations, 13-16 and a large toe-core temperature gradi- 
ent has been said to be a predictor of postoperative 
mortality, a3 High blood lactate concentrations have 
been associated with increased mortality and mor- 
bidity in children after cardiac operations, 17but the 
predictive value has not been compared with those 
of other measures. Hypotension may be a late and 
unreliable sign of low cardiac output, 18 and restora- 
tion of.blood pressure alone may not be a sufficiently 
precise goal for resuscitation. 19 
The aims of this study were to determine the 
variable or variables that were the earliest physio- 
logic signs that identified children who had MAE 
and to compare the information provided by gastric 
tonometry and cardiac output measures with other 
physiologic variables. The MAE we were interested 
in predicting were cardiac arrest, need for emer- 
gency chest reopening, sepsis, multiple organ fail- 
ure, and death. The variables evaluated were mean 
arterial pressure, heart rate, cardiac index, oxygen 
delivery, Sv02, base deficit, arterial blood lactate, 
gastric intramucosal pH, Dco2, and toe-core tem- 
perature gradient. 
Patients and methods 
The study was approved by the Institutional Ethics in 
Human Research Committee, and informed verbal con- 
sent was obtained from the parents of all participating 
children. 
A cohort observational study was conducted. Children 
eligible for inclusion in the study were those undergoing 
cardiac operations with the use of cardiopulmonary b - 
pass. Because we measured cardiac output by thermodi- 
lution we predominantly included those who underwent a 
complete repair of congenital cardiac anomalies, or car- 
diac transplantation, and others who would routinely have 
a pulmonary artery catheter inserted for postoperative 
monitoring. All children had a tonometer (TRIP Sigmoid 
catheter, Tonometrics Inc.) inserted into the stomach via 
the orogastric route after induction of anesthesia. The 
following monitoring catheters were also inserted either 
percutaneously, before the start of cardiopulmonary b - 
pass, or transthoracically during the operation: peripheral 
arterial cannula for monitoring blood pressure and for 
blood sampling; double-lumen i ternal jugular venous 
catheter for monitoring central venous pressure and for 
the administration of inotropic agents, fluids, and other 
drugs; a left atrial catheter; a pulmonary arterial catheter 
(Baxter Edwards 3.5F thermodilution catheter); and a 
right atrial catheter for measurement of cardiac output. 
On admission to the intensive care unit after the 
operation (time 0) and at 4, 8, 12, and 24 hours after 
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Table I. Cardiac lesions and operations in 90 
children 
Cardiac anomaly and operation No. 
VSD, repair* 23 
Transposition of great arteries, arterial switcht 23 
Atrioventricular septal defect, repair 14 
Hypoplastic left heart syndrome, Norwood operation 5 
Truncus arteriosus, repair 5 
Total anomalous pulmonary venous return, repair 3 
Cardiomyopathy, transplant 2 
Mitral insufficiency, mitral valve replacement 2 
Pulmonary atresia, VSD, repair 2 
Tetralogy of Fallot, repair 2 
Aortic incompetence, Ross procedure 1 
Aortic aneurysm, repair 1 
Coarctation of aorta, repair 1 
Aortic stenosis, valvotomy 1 
Double-outlet right ventricle, repair 1 
Double-outlet right ventricle, pulmonary artery band 1 
Damus-Kaye-Stansel r pair 1 
Ebstein anomaly, Blalock-Taussig shunt 1 
Hypoplastic right ventricle, central shunt 1 
VSD, Ventricular septal defect. 
*Includes two atrial septal defect and ventricular septal defect repairs, one 
coarctation ventricular septal defect, and one ventricular septal defect 
interrupted aortic arch. 
tIncludes one Senning and switch procedure, two two-stage switch proce- 
dures, one Taussig-Bing anomaly correction. 
admission the following physiologic variables were re- 
corded: mean arterial pressure, heart rate, cardiac index, 
oxygen delivery, Svo2, base deficit, blood lactate, pHi, 
Dcoz, and toe-core temperature gradient. 
Confirmation of the position of the tonometer in the 
lumen of the stomach was assessed radiographically. 
The following method was used to estimate pHi and 
Dco z. Sterile saline solution, 2.5 ml, was infused into 
the catheter opening port to fill the tonometer balloon. 
A period of equilibration of either 60 or 90 minutes was 
allowed. The equilibration period allowed time for COz 
in the stomach lumen to diffuse through the silicone 
balloon into the saline solution. At the time of mea- 
surement, he dead space of 1 ml of saline solution was 
aspirated and discarded and the remaining saline solu- 
tion (1.5 ml) aspirated into a plain 2.5 ml syringe for 
analysis of partial pressure of CO2. The Pico 2 was 
measured with use of an ABL510 or ABL620 (Radiom- 
eter, Copenhagen) blood gas analyzer. The Pico2 value 
was then adjusted for the time of equilibration in the 
lumen of the stomach, according to the manufacturer's 
product information literature, z° The adjusted Picoz 
value and the arterial bicarbonate concentration were 
then used in a modified form of the Henderson- 
Hasselbalch equation to calculate gastric intramucosal 
pH. z°-22 The modified Henderson-Hasselbalch equa- 
tion is as follows: 
pHi = 6.1 + log10 (HCO3/PicOz[aajustedl X 0.03) 
where 6.1 is the negative logarithm of the acid dissociation 
constant of plasma, 0.03 is the solubility coefficient of the 
HCO3/CO 2 system in plasma t 37 ° C, and PicOz(adjustea ) is 
the partial pressure of carbon dioxide measured from the 
tonometer saline solution corrected for equilibration time 
in the tonometer. 2° The Dco: was calculated as the 
difference between the corrected Pico/and the Paco 2. 
Cardiac output was measured with 1 ml injectate vol- 
umes of normal saline solution, cooled to 0 ° to 5°C in 
crushed ice. The injections were made rapidly into the 
right atrial cannula during the end-expiratory phase of 
respiration, with all other bolus intravenous infusions 
ceased. Four readings were made, 1 minute apart, and the 
cardiac output taken as the computer-generated average 
of the last three readings. Large residual shunts, which 
would have introduced errors into the estimation, were 
excluded by measurement of oxygen saturation from the 
right atrial, pulmonary arterial, left atrial, and arterial 
cannulas. 
Oxygen delivery was calculated by the standard formu- 
la. z3 Svo: was measured from pulmonary arterial blood 
with an ABL Co-Oximeter instrument (Radiometer, 
Copenhagen). Base deficit was measured in arterial blood 
with an ABL510 or ABL620 blood gas analyzer (Radiom- 
eter, Copenhagen). Lactate was measured from arterial 
blood with a Kodak Ektachem analyzer. The core tem- 
perature was taken as the pulmonary artery blood tem- 
perature measured with the pulmonary arterial catheter 
thermistor. 
MAE were defined as the following predetermined 
postoperative events: death, cardiac arrest necessitating 
resuscitation with cardiac massage and adrenaline, 
need for emergency chest reopening, and an increase of 
three or more organ systems failing at 48 hours (com- 
pared with the status at the time of admission). Defi- 
nitions of organ system failure were developed from the 
literature on normal age-dependent hematologic, z4 bio- 
chemical, 25 and physiologic values 26 and from adult 
definitions of organ failure a7 adapted to pediatric prac- 
tice (see appendix). The aim was to find the best 
physiologic variable or variables that would identify 
these children early in the postoperative period. Apart 
from the variables just mentioned we also tested 
whether other information thought to be associated 
with postbypass organ dysfunction, including the dura- 
tion of cardiopulmonary b pass, aortic crossclamping, 
and circulatory arrest, would help to identify this group 
of children. 
Statistical analysis. The data were entered into a 
Microsoft Excel spreadsheet and analyzed with Stata 
for Windows (Stata Corporation). The variables were 
examined with univariable logistic-regression a alysis 
to determine those of statistical significance. Multivari- 
able logistic-regression a alysis was used to evaluate 
the best combination of variables having independent 
statistical significance, and odds ratios, 95% confidence 
intervals, and positive and negative predictive values 
were determined. The positive predictive value of a test 
is the percentage of persons with an abnormal result in 
whom the outcome in question develops; the negative 
predictive value is the percentage of persons who have 
a negative test result in whom the outcome does not 
develop. Normally distributed ata are presented as 
mean (plus or minus the standard deviation). For 
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Table II. MAE in 12 of 90 children after cardiac operations 
Hours after 
No. Cardiac operation MAE ICU admission 
4 Arterial switch for Taussig-Bing anomaly Cardiac arrest 16 
Emergency chest opening 16.5 
Multiple organ failure 24 
7 Cardiac arrest 6 
Emergency chest opening 6.5 
23 Cardiac arrest 14 
Emergency chest opening 14.5 
45 Cardiac arrest 2.5, 72 
Multiple organ failure 24 
Death 72 
49 Cardiac arrest 0, 96 
ECLS 0 
Sepsis 72 
Death 96 
50 Cardiac arrest 0, 100 
ECLS 0 
Sepsis 48 
Multiple organ failure 24 
72 Cardiac arrest 2 
Emergency chest opening 3 
74 Multiple organ failure 48 
76 Multiple organ failure 24 
77 Cardiac arrest 12, 13, 15 
ECIN 17 
Multiple organ failure 48 
Death 168 
80 Cardiac arrest 9 
84 Multiple organ failure 24 
AVSD repair 
VSD, ASD repair 
Aortic arch reconstruction 
Norwood procedure for hypoplastic left heart syndrome 
Damus-Kaye-Stansel r pair 
Arterial switch 
Ross repair 
Tetralogy of Fallot repair 
Truncus arteriosus repair 
Arterial switch for TGA 
Arterial switch for TGA 
ICU, Intensive care unit; AVSD, atrioventricular septal defect; VSD, ventricular septal defect; ASD, atrial septal defect; ECLS, extracorporeaI life support; 
TGA, transposition f the great arteries. 
within-subject comparisons of normally distributed ata, 
Student's two-tailed paired t test was done. For nonnormally 
distributed ata, within-subject analysis was done by Wil- 
coxon signed-rank test, and the data are presented asmedian 
(interquartile range). Ap value of less than 0.05 was consid- 
ered statistically significant. Logit transformation of the 
significant variables was done, and log likelihood plots 
constructed showing the predicted probability of an MAE 
for given values of the variable. 28 
Results 
Patient characteristics. Ninety infants and chil- 
dren were studied during an 18-month period. The 
median age was 2.65 months (0.5 to 5.75 months). 
The median weight was 4.1 kg (3.5 to 5.6). The 
operations performed are outlined in Table I. The 
median duration of cardiopulmonary b pass was 103 
minutes (76 to 150) and the median aortic cross- 
clamp time 51 minutes (40 to 71). Twenty-one 
percent of the operations were performed with 
circulatory arrest. 
Changes in cardiac index and markers of tissue 
perfusion after cardiac operations. Thermodilution 
cardiac output readings were possible in 70 children. 
The reasons measurements were not able to be done 
were unfavorable cardiac anatomy after the opera- 
tion, 9 unexpected residual intracardiac shunts, 4pul- 
monary arterial catheter malfunction, 5 and pulmo- 
nary arterial or right atrial catheter malposition. 2 In 
the first 4 hours after admission to the intensive care 
unit, cardiac index values fell from a mean of 4.06 _+ 
1.25 to 3.63 + 1.25 L/rain per square meter (p = 
0.001). The reduction in cardiac index was sustained 
at 8 hours (mean 3.61 _+ 1.23 L/rain per square 
meter). Although there was an early fall in cardiac 
index values, oxygen delivery was unchanged from 
admission (450 + 153 ml/min per square meter) to 4 
hours (429 _+ 156 ml/min per square meter) (p = 
0.21). Maintenance of oxygen delivery occurred 
because of an increase in the oxygen-carrying capac- 
ity of the blood: the hemoglobin value increased 
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Fig. 1. Cardiopulmonary b pass (CPB) time according to the presence of MAE. Horizontal bars are 
interquartile ranges. MAlE are designated as O, no MAE; 1, MAE. 
Table IlI. Predictive value for MEA of independently statistically significant variables, measured at intensive 
care unit admission and 4 and 8 hours 
Variable and value Odds ratio 95% CI PPV NPV Sensitivity Specificity 
Admission 
CPB >150 rain. 13.7 3.3-57.2 39 96 75 82 
Lactate >4.5 mmol/L 5.1 1.2-21.1 36 90 33 91 
Hypotension* 2.3 0.5-9.8 23 88 25 87 
4 Hr 
Lactate >4 mmol/L 8.3 1.8-38.4 44 91 36 94 
Dco 2 > 20 mm Hg 6.9 1.3-36.7 42 90 27 95 
8 Hr 
Lactate >4 mmol/L 9.3 1.9-44.3 50 90 33 95 
BD >-5  mmol/L 6.2 1.2-32.1 43 89 33 95 
CI, Confidence intervals; PPV, positive predictive value; NPV,, negative predictive value. 
*Hypotension is defined as mean arterial pressure l ss than 2.5th percentile for age. 
from 11.95 (10.5 to 12.9) gm/dl to 12.25 (11.3 to 
13.5) gm/dl during the first 4 hours of intensive care 
unit stay (p < 0.01). There was a further increase in 
hemoglobin levels at 8 hours to 12.9 (11.8 to 14) 
gm/dl (p = 0.01). 
Overall there were reductions in blood lactate 
values in the first 8 hours after the operations from 
2.4 (1.9 to 3.7) mmol/L to 1.8 (1.4 to 2.3) mmol/L 
(p = 0.001). There were no statistically significant 
changes in base deficit (p = 0.44), ph i  (p = 0.45), 
Dco 2 (p = 0.20), or Svo a (p = 0.45) from admission 
to 8 hours later. 
Adverse events in the postoperative period. MAE 
occurred in 12 children (13.3%) (Table II). There 
were four deaths in the series (4.4%). Nine children 
(10%) had a cardiac arrest necessitating cardiac 
massage or emergency chest opening in the inten- 
sive care unit. Six children (6.7%) had severe mul- 
tiple organ failure with an increase of more than 
three organ systems failing in the 48 hours after the 
operation. Three of these were children who also 
had a cardiac arrest. In addition to these 12 children, 
8 (8.9%) had two organ systems failing and 21 
(23.3%) had one organ system failing by 48 hours 
after admission. The 12 children who had an MAE 
consumed greater intensive care resources, with a 
longer duration of stay in the intensive care unit. 
Length of stay was 67 hours (47 to 99) for children 
without MAE and 120 hours for those with MAE 
(94 to 185) (p < 0.001). The children who had an 
MAE also had a longer duration of mechanical 
ventilation: 127 hours (68 to 150) compared with 41 
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Fig. 2. Blood lactate levels meaSured 4 hours after intensive care unit admission. Horizontal bars are 
interquartile range. MAE are designated as 0, no MAE; 1, MAE. 
(24 to 66) (p < 0.001). Three of these 12 children 
received extracorporeal life support, and all three 
died. 
The timing of MAE has relevance to whether 
there is potentially preventable morbidity or mortal- 
ity by improved monitoring techniques. The first 
MAE occurred within 1 hour after the operation in 
two patients, between 1 and 4 hours in another two 
patients, and between 4 and 24 hours in seven 
patients, and in one patient the MAE was not 
evident until 48 hours after the operation. 
Prediction of MAE with operating room data. 
The durations of both cardiopulmonary b pass and 
aortic crossclamping were significant positive pre- 
dictors of MAE (Fig. 1, Table ilI). The odds ratio 
(95% confidenCe intervals) of a cardiopulmonary 
bypass time greater than 150 minutes was 13.7 (3.3 
to 57.2). The gastric pHi and Dco 2 measured 1 hour 
after institution of cardiopulmonary b pass did not 
predict MAE. The median pHi, measured in 81 
children, was 7.34 (7.28 to 7.40), and the median 
Dco 2 was 8.4 mm Hg (2.5 to 14.7). Among children 
with an MAE the median pHi was 7.35 (7.32 to 
7.41), whereas in those free of MAE the pHi was 
7.34 (7.27 to 7.40). The corresponding values of 
Dco 2 were 6.5 (2.6 to 11.9) for patients with and 9.03 
(2.5 to 14.8) for those without MAE (p = 0.43). 
Prediction of MAE with admission values of 
physiologic variables. The monitoring variables 
measured at the time of admission to the intensive 
care unit and at 4 and 8 hours are summarized in 
Table IV. The only physiologic measurements that 
predicted MAE when measured at the time of 
admission were the blood lactate value s (Tables III 
and IV) and admission values of age-adjusted mean 
arterial pressure, Oxygen delivery on admission 
approached significance on univariate analysis, but 
was not independently predictive (p = 0.42) in a 
model with lactate and mean arterial pressure. The 
odds ratios, positive predictive value, negative pre- 
dictive value, sensitivity; and specificity of the signif- 
icant variables are summarized in Table iII. 
Death was predicted at intensive care unit admis- 
sion only by blood lactate value (p = 0.03) and not 
by any of the other physiologic measures. The odds 
ratio for death if the admission blood lactate level 
was greater than 4.5 mmol/L was 29.3 (2.7 to 315). 
Prediction of MAE with physiologic variables 
measured at 4 hours. Four hours after intensive 
care unit admission, lactate remained a clinically 
significant predictor of MAE (p = 0.009) (Figs. 2 
and 3, Tables III and IV). At this time, also signif- 
icant in a model with lactate were Dco 2 (p = 0.006) 
and gastric pHi (p = 0.01). Dco 2 and pHi did not 
have independent significance, which was not sur- 
prising because they are mathematically coupled 
variables. 
Prediction of MAE with physiologic variables 
measured at 8 hours. At 8 hours, values of blood 
lactate (p < 0.0001), base deficit (p = 0.019), Dco 2 
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Table IV. Physiologic variables measured at admission and 4 and 8 hours according to the development of
major complications 
Admission to ICU 4 Hr after admission 
Univariate Univariate 
logistic logistic 
Physiologic Odds ratio regression Odds ratio regression 
variable MAE No MAE (95% CI) p value MAE No MAE (95% CI) p value 
Mean arterial 109.4 124.7 0.96 0.03 106 113 0.98 0.22 
pressure* (90.6-121.1) (107.1-137.5) (0.93-0.99) (94-124) (107-128) (0.94-1.01) 
Heart rate? 98.3 104.0 0.97 0.12 107 101 1.01 0,08 
(84.9-106.4) (91.9-114.7) (0.93-1.01) (94-122) (8%115) (0.98-1.05) 
Cardiac index 3.45 4.22 0.70 0.25 3.10 3.36 0,77 0,33 
(L/min/m 2) (2.45-4.22) (3.35-4.67) (0.38-1.29) (2.8-4.1) (2.70-4.50) (0.41-1.47) 
(N : 70) (N : 8) (N = 62) 
Do 2 (ml/ 619.4 470.4 0.96 0.09 559.1 530.3 0.99 0.71 
min/m e (492.1-716.0) (306.6-670.5) (0.93-1.01) (412.6-677.5) (413.1-674.8) (0.96-1.03) 
(N  = 70) 
Svo2 (%) 48.9 61.7 0.95 0.12 55.1 62.1 0.93 0.24 
(N-  70) (46.7-64.4) (53.6-67.4) (0.88-1.01) (47.5-59.7) (54.2-67.7) (0.85-1.01) 
(N = 8) (N : 62) 
Base deficit -2.4 -0.4 0.84 0.14 -2.2 -0.15 0.82 0.05 
(mmot/L) (-3.2-05) (-2.2-1.5) (0.67-1.06) (-4.1-0.1) (-2.4-1.9) (0.67-1.00) 
Lactate 3.0 2.2 1.36 0.03 2.5 1.8 1.71 <0.01 
(retool/L) (2.1-4.9) (2.0-3.5) (1.03-1.80) (1.9-4.1) (1.5-2.3) (1.14-2.60) 
Gastric pHi 7.26 7.31 0.64 0.20 7.22 7.30 0.25 0.01 
(pH units) (7.20-7,33) (7.25-7.36) (0.33-1.27):) (7.16-7.25) (7.24-7.34) (0.09-0.64):~ 
Dco 2 15.4 12.9 0.96 0.30 18.2 12.7 0.99 0.01 
(mm Hg) (12.1-18) (8.4-18.2) (0.93-1.01) (16.3-20.9) (9.4-15.9) (0.96-1.03) 
Toe-core temp. 3.2 3.2 0.98 0.84 3.1 3.0 1.13 0.31 
gradient (°C) (lJ-4.8) (1.9-5.7) (0.77-1.24) (2.1-5.5) (1.7-4.3) (0.90-1.42) 
Values presented as median (interquartile range) and p value, derived by univariate logistic-regression. Odds ratios (OR) 
based on a 1-unit change in value~ ICU, intensive care unit; CI, confidence interval; Do2, oxygen delivery. 
*Mean arterial pressure presented as a percentage of the 2.5th percentile for age. 
?Heart rate presented as percentage Of 97.5th percentile for age. 
$Odds ratio for pHi presented as the change in odds based on a 0.1-unit change in pHi. 
presented as the change in odds 
(p = 0.027), and gastric pHi (p = 0.005) were 
predictors of MAE by univariate logistic-regression 
analysis (Tables III and IV). 
In multivariable models of all the significant vari- 
ables noted, both lactate (p = 0.008) and DCO 2 (p = 
0.013), or lactate (p = 0.003) and base deficit (p = 
0.021), were significant. To determine whether mea- 
sures made by gastric tonometry when included in a 
simpler model improved the predictive power, we 
combined variables with blood lactate, the most 
consistently significant predictor variable. Dco 2 and 
base deficit were not independent of each other, 
inasmuch as both were statistically significant in a 
model with lactate but not in a model containing 
lactate, base deficit, and Dco 2. 
Early prediction of less severe adverse events. 
Because MAlE in this series were relatively uncom- 
mon, we wondered whether the early predictors of 
these events were also reliable predictors of less 
severe but more common adverse vents after car- 
diac operations. The complication that occurred 
most commonly was the persistence of renal impair- 
ment (as defined in the appendix) more than 48 
hours after admission to the intensive care unit. This 
occurred in 26 children (29%). Children who had 
persistent renal impairment at 48 hours had an 
increased length of stay in the intensive care unit 
(152 _+ 178 hours) compared with those in whom 
renal failure did not develop (80 + 60 hours) (p = 
0.002). The only predictor of persistent renal im- 
pairment at 48 hours at the time of admission to the 
intensive care unit was the admission blood lactate 
level (p = 0.018). The odds ratio for renal impair- 
ment if the admission lactate level was greater than 
4 mmol/L was 3.2 (1.1 to 9.5). Renal impairment was 
not predicted by admission mean arterial pressure 
(p = 0.35), cardiac index (p = 0.85), oxygen delivery 
(p = 0.65), base deficit (p = 0.89), pHi (p = 0.63), 
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8 Hr after admission 
Univariate 
logistic 
Odds rat io  regression 
MAE No MAE (95% CI) p value 
108 116 0.98 0.09 
(93-124) (106-133) (0.93-1.03) 
103 93.7 1.02 0.23 
(91.9-115.8) (84.4-114.7) (0.00-106) 
3.05 3.38 0.61 0.27 
(2.66-3.71) (2.78-4.56) (0.27-1.36) 
(N - 8) (N = 62) 
558.1 518.2 0.98 0.42 
(412.6-677.5) (413.1-674.8) (0.93-1.03) 
56.6 60.2 0.92 0.06 
(49-59.8) (53.6-66.4) (0.84-1.01) 
(N = 8) (N = 62) 
-0.29 -0.65 0.78 0.02 
(-5.2-0.15) (-2.4-1.9) (0.63-0.97) 
3.1 1.7 3.05 <0.01 
(1.8-4.9) (1.4-2.1) (1.44-6.44) 
7.25 7.30 0.31 <0.01 
(7.14-7.29) (7.23-7.35) (0.13-0.75)$ 
15.2 11.4 0.98 0.03 
(11.8-23.1) (9.5-15.3) (0.93-1.03) 
3.0 2.5 1.08 0.48 
(2.0-4.6) (1.5-4.2) (0.87-1.34) 
Dco 2 (p = 0.57), SVO 2 (tO = 0.71), or toe-core 
temperature gradient (p = 0.31). 
Discussion 
This study aimed to determine the best and 
earliest predictors of MAE in children after cardiac 
operations. It has been suggested that measures 
made by gastric tonometry would identify postoper- 
ative complications earlier than other measures. 3' 29 
MAE after pediatric ardiac operations are rela- 
tively uncommon. 3° The probability in this series 
was 13%. Complications were only included if they 
were likely to be associated with clinically important 
morbidity or a high risk of mortality. The MAE 
identified were associated with prolonged intensive 
care and hospital stay. It is possible that identifica- 
tion of these children early, and the institution of 
appropriate therapy, would reduce this morbidity. 
We found that measures made by gastric tonometry 
did identify children at risk for MAE after cardiac 
operations, but that children at risk could be iden- 
tified earlier by other simpler measures. The best 
and earliest prediction of impending MAE was by 
the consideration of the duration of cardiopulmo- 
nary bypass, the admission blood lactate level, and 
the mean arterial pressure. A high blood lactate 
level was the most consistently predictive variable 
throughout the early postoperative period of both 
MAE and more common minor complications, 
which also add to intensive care unit morbidity and 
cost. The addition of Dco 2 values provided only a 
marginal increase in the predictive power of more 
conventionally used tests and only when measured 4 
hours after intensive care unit admission. At 8 
hours, lactate plus base deficit was a better predic- 
tive combination than one that used Dco2. A con- 
founding factor in the interpretation f the predic- 
tive power of base deficit is the administration of
bicarbonate or other base. None of the subjects in 
this study received bicarbonate or other base in the 
first 8 hours after admission to the intensive care 
unit, but we were unfortunately not able to establish 
how much was given in the operating room. We do 
know that some patients had bicarbonate correction 
of metabolic acidosis during the operation, and this 
may partly account for the lack of predictive power 
of the base deficit at the time of admission and 4 
hours later. 
Thermodilution measures of cardiac index and 
the derived value of oxygen delivery did not discrim- 
inate children who had an MAE from those who had 
an uncomplicated postoperative course. In our pa- 
tients left atrial and pulmonary arterial catheters are 
inserted before chest closure in children in whom 
cardiac function is likely to be impaired or in whom 
pulmonary hypertension may be a problem after 
operation. The only additional advantage ofusing a 
thermodilution pulmonary arterial catheter, there- 
fore, is for the measurement of cardiac output and 
derived hemodynamic and oxygen transport vari- 
ables. Our evidence suggests that more clinically 
useful information can be derived from the mea- 
surement of markers of the adequacy of tissue 
oxygenation, such as lactate, than from the absolute 
value of cardiac output or oxygen delivery. 
Hyperlactatemia e rly after cardiopulmonary b - 
pass may represent intraoperative or early postop- 
erative tissue oxygen debt, impaired lactate clear- 
ance, or both. Lactate is cleared by liver, kidneys, 
heart, and resting skeletal muscle. It may be that a 
high lactate level is sometimes a surrogate marker of 
organ dysfunction. We unfortunately did not have 
any data on preoperative lactate levels to determine 
whether the presence of hyperlactatemia before the 
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Fig. 3. Log-likelihood plot of the probability of major complications according to lactate level measured 
4 hours after admission. 
operation predicted postoperative MAE. In our 
study the finding of a normal actate level did not 
preclude the possibility of an MAE. A lactate level 
greater than 3 mmol/L at the time of admission to 
the intensive care unit only identified 50% of those 
who subsequently had a major complication, so this 
had a relatively low sensitivity. Children who had a 
lactate level greater than 4.5 mmol/L at the time of 
admission or greater than 5 mmol/L at 4 hours had 
a 36% and 44% chance, respectively, of an MAE 
(Table III). In children with a high lactate level on 
admission, and in those in whom a high lactate level 
persists after the operation, efforts should be made 
to search for remediable problems and to optimize 
tissue oxygenation. Before this study lactate was not 
routinely measured in our intensive care unit after 
cardiac operations. Although the results of lactate 
measures during the study were available to treating 
clinicians we did not have a specific management 
strategy to deal with hyperlactatemia. Further work 
is required to determine whether alteration i  man- 
agement based on an elevated lactate level would 
avoid any MAE. 
The finding that a long duration of cardiopulmo- 
nary bypass was strongly related to an increased risk 
of MAE (Fig. 1, Table III) may reflect he complex- 
ity of the cardiac lesion, intraoperative problems 
related to and independent of the cardiac lesion, 
and the effects of the host response to cardiopulmo- 
nary bypass. Any of these factors may be important 
in the development of MAE. 
There may be a selection bias in our results. The 
subjects were chosen from a larger population of 
some 400 patients. We aimed to study children who 
were at high risk for MAE. We predominantly chose 
children who were undergoing complete repair, 
rather than palliative procedures, for two reasons. 
First, we wanted to minimize the number of children 
in whom a residual lesion may have contributed to 
the MAE. Second, we wanted to assess and compare 
the value of thermodilution measures of cardiac 
output, a method that is inaccurate in the presence 
of intracardiac shunts. Despite these considerations, 
the variables found to have the greatest predictive 
power (lactate, mean arterial pressure, and cardio- 
pulmonary bypass time) are easily measured, and 
likely to be valid, in children with either epaired or 
palliated heart lesions. 
In conclusion, although phi and Dco a values 
predicted MAE, they were later warning signs than 
values of blood lactate, mean arterial pressure, and 
the duration of cardiopulmonary b pass. The ex- 
pense of gastric tonometry is considerably greater 
than that of the measurement of blood lactate and 
arterial blood gases. There is not enough evidence 
to recommend the routine use of gastric tonometry 
or of thermodilution cardiac output measures in 
children after cardiac operations for the prediction 
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of MAE. This was a preliminary study of only 90 
patients, in which the number of children with MAE 
was relatively small, but it suggests that lactate 
should be measured in children after cardiac oper- 
ations as a guide to prognosis and as an early 
warning sign of impending complications. Children 
who have a long cardiopulmonary bypass time, high 
blood lactate level, or hypotension on admission to 
the intensive care unit are at increased risk of MAE, 
and their postoperative treatment should be 
planned with this in mind. Further research is 
needed into the management of hyperlactatemia in 
children after cardiac operations. 
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Appendix Table I. Definitions of organ failure 
Cardiac 
Respiratory 
Renal 
Presence of one or more of the following: 
Mean arterial pressure 
<30 mm Hg (neonate to 3 months old) 
<35 mm Hg (age 3 months to 1 year) 
<40 mm Hg (age 1 year to 6 years) 
<50 mm Hg (>6 years) 
Arterial blood pH <7.25 with Paco 2 <45 
mm Hg 
Requirement for inotropes more than 10 
/xg/kg per minute dopamine 
Presence of one or more of the following: 
Alveolar-arterial 02 gradient >350 mm 
Hg 
Ventilation index >30* 
Requirement for renal replacement therapy 
such as peritoneal dialysis or hemofil- 
tration and presence of one or more of 
the following: 
Urine output 
<0.5 ml/kg per hour for 4 consecutive 
hours or 
<300 ml/m z in 24 hours 
Serum creatinine 
>0.15 mmol/L (age 1 to 30 days) 
>0.04 mmol/L (age 1 to 12 months) 
>0.05 mmol/L (age 1 to 4 years) 
>0.06 mmol/L (age 5 to 10 years) 
>0.1 mmol/L (age >10 years) 
Appendix Table I. Cont'd 
Hepatic 
Hemostasis 
Brain 
Presence of three or more of the following: 
International normalized ratiot 
>1.7 (days 1 to 4) 
>1.5 (days 5 to 29) 
>1.3 (>30 days) 
Aspartate amino transferase >100 U/L 
Albumin <23 gm/L (age <12 months) or 
<30 gm/L (age >12 months) 
Conjugated bilirubin >10 mmol/L 
Presence of two or more of the following: 
Platelets <20,000/mm 3 
International normalized ratiot 
>1.7 (age 1 to 4 days) 
>1.5 (age 5 to 29 days) 
>1.3 (>30 days) 
D-dimers >0.25 
Activated partial thromboplastin time+~ 
Premature neonates 
>80 (day 1) 
>75 (day 5) 
>65 (day 30) 
>50 (>day 180) 
Term infants 
>60 (day 1) 
>55 (day 30) 
>50 (>day 180) 
Glasgow motor score <4 (at any one point 
in the day in absence of sedation) 
*Ventilation index = [(Peak inspiratory pressure - Positive nd-expira- 
tory pressure) × Respiratory rate × Pacoz]/1000. 
tin the absence of warfarin anticoagulation. 
Sin the absence of heparin anticoagulation, 
